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A combination of ab initio calculations and experimental methods (high-resolution neutron and powder
X-ray diffractions) was used to solve the crystal structure ofMtmSs (x = 1 and 2). It was shown that
at room temperature, the latter are similar to the crystal structure of classic Chevrel phases (CPs) such
as CuMoeSs: space groufR3, a. = 6.494 A,a. = 93.43 for MgMosSs anda, = 6.615 A,a = 95.16
for MgoMo0eSs. For x = 1, one Md" cation per formula unit is distributed statistically between inner
sites. Foix = 2, the second Mg cation per formula unit is located in the outer sites. Peculiarities of the
electrochemical behavior of the CPs as electrode materials for Mg batteries were understood on the basis
of the analysis of the interatomic distances. It was shown that the circular motion of thieidig
between the inner sites in MgN®s is more favorable than their progressive diffusion in the bulk of the
material, resulting in relatively slow diffusion and Mg trapping in this phase. In contrast, #VIdis,
the repulsion between the Mgions located in the inner and outer sites facilitates their transport through
the material bulk.

to other hosts, these materials do not need special preparation

Chevrel phases (CPs) have been intensively studied in thein the form of nanomaterials to be used as practical cathodes

last three decades as superconductors, catalysts, thermoeleﬁ rechargeable Mg batteries. However, the kinetics of the

tric materials, and cathodes in Li batterie§.In addition to 9 d|ffL_J§|on in the CPs is strongly_ affected by their
their ability for monovalent insertion (5 Nar, Cut), these composition and temperature. At ambient temperature, the

unusual compounds allow for a fast transport of divalent selenide shows excellent Mg mobility in the fuI_I intercalation
cations, such as 2h, C&*, Ni2*, Mn?+, C*+, and F&*7-10 range from zero to two_l\/Fg ions per fqrmula unl%f‘wh(_ereas
Recently, it was found that this impressive list could be Mg trapf!ng happens in the sulfide, i.e., the essential part of
extended to a strongly polarizing Nigion-13 As was the M@ ions (about 25%) can be removed from the crystal

shown, the Mg transport in the CPs is so fast that, in contrastStructure of M.@SB only at elevated tempera}turés.
In general, in order to understand the kinetics problems
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of ion motion in the intercalation compounds, it is necessary
to analyze the diffusion pathway of the ion’s insertion into
the hostt®719 |t is clear that such an analysis is impossible
without knowledge of the crystal structure of the intercalation
compounds, which includes not only the atomic arrangement
in the host but also the occupation of the cation sites. In the
case of the CPs, the atomic arrangement of the host is well-
known. It is a stacking of Mgl's blocks composed of the
octahedral cluster of molybdenum atoms inside the anion
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Mo, T, two divalent cations (as in 2ZMosTg) for each group of 12
sites (six inner and six outer sites) per cluster. In addition,
the cation sites are located too close to each other and
therefore cannot be occupied simultaneously because of the
cation repulsion.

The specific occupation of the sites ingMogTs (M =
metal) depends on the metal amouxt (n the case of low
X, the inner sites are more favorable from a energetic point
of view than the outer sites, because of the larger distances
from the Mo atoms; therefore, they are usually occupied first.
For instance, only the inner sites are occupied iV Tg
for x < 2 or in LixM0gSg for x = 1. The occupation of the
outer sites begins in GMogTg for x > 2 and in LiM0eSs
for x >1, whereas the cation distribution in the inner sites

Cavity 1

®-T (T=S, Se, Te) atoms o - center of cavity 1 remains unchange?(‘:]'?f’
Figure 1. Three types of cavities in the CPs crystal structure. Dark cubes ~ The site occupation also depends on the temperaffe.
are MasTg blocks. At room temperature, small cations{ A) in the classic

] ) ) ) CPs are distributed statistically between six available crystal-
cube. In contrast, a variety of different cation locations were lographic positions, connected to each other by a -3-fold
discovered in the CPs:2"2% From three types of cavities,  gymmetric axis. As a result, the crystal symmetry is rhom-
formed between Md's blocks (Figure 1), only two of them  pohedral, At a low temperature, the transformation to triclinic
(cavities 1 and 2) can be filled by cations of ternary metals, symmetry may take place. In triclinic crystals, instead of six
because a strong repulsion of the Mo atoms does not allowgqyivalent sites, there are only two, and they are connected
the occupation of cavity 3. In earlier works, devoted to the i, cach other by the inversion centerl. In this case

CPs, a simple scheme of the cation distribution was g,mppells are used to describe the cation arrangement. The
proposed:? According to this scheme, the cation position temperature of the phase transition depends on the CP
in the crystal structure depends mainly on its size. The big composition, e.g., 270 K for GuMosSe2® and about 400 K
cations such as Pbor Sr¥* (with a radius larger than 1 A) o0 FoMosSat '

occupy the center of the large cubic cavity 1, whereas the  1,q in spite of the fact that, in general, the basic crystal
insertion of relatively small cations such as'Gar Li* (with structure of the CPs is well-known, our crystallographic

a radius smaller than 1 A) leads to the deformation of the knowledge is not sufficient to predict the distribution of the
cubic anion environments around cations to the tetrahedraIMgz+ ions in the cation sites or the stoichiometry and the

ones. These cavities form three-dimensional channels thatsymmetry of the Mg-containing CPs (MgCPs). In classic

are available for cation transport. . reviews!? it was mentioned that the exact crystal structure
In classic CPs such as Cu- or Li-containing compqunds, of Mg,M0sSs is not known. However, the MgCPs were cited
two types of the tetrahedral sites are used to describe the,q 5, example of nonstoichiometric compounds with rhom-

position of the small cations in the crystal structure: (1) so- |,5hedral symmetry for a low Mg concentration and triclinic
called inner sites in cavity 1 that form a pleated ring and (2) symmetry for the Mg-rich phases.

outer sites in cavity 2 with a quasioctahedral arrangerffefit. An attempt at theoretically predicting the crystal structure
In addition to the classic distribution, a new cation location of MgCPs was made using the density-functional techrigue

in cavities 1 and 2 was recently found for selenides with According to this work, the sulfides, MilosSs (x = 1 and
. " " . ' ,
small cations of transition metais.** Thus, the cation 5y "shouid be triclinic, although this is really only a zero-

distribution in the crystal structure may be more complicated temperature prediction. In contrast to the scheme of the cation

than the simple scheme proposed in earlier works. 'tdependsarrangement presented in classic reviédghe authors
on the specific interactions between the insertion cations a”dbelieve that the inner sites are occupiedsxor 2, whereas

the Mo atoms of the cluster.

An important characteristic feature of the CPs in the case
of small cations is the limit in the site occupancies. In fact,
the cluster electronic structure allows for the maximal
insertion of four monovalent cations (as in MogTg), Or

for x = 1, the probabilities of the occupation for the inner
and outer sites are equal.

In our previous experimental wofR?28-31 we have studied
MgCPs obtained by direct high-temperature synthesis and
by electrochemical Mg insertion into a & host. It was
showrt® that the XRD patterns of the intercalation com-
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pounds obtained by these different synthetic routes were The material with the MgMosSs composition for the Rietveld
identical, in spite of the presence of some minor additional analysis was synthesized via the topotactic reaction of the binary
diffraction peaks related to different impurities. According MoeSs in contact with a P¥Mg/THF solution as the source of Mg

to this research??3! the best way to determine the ions and as .the reducing agent..Mg was syn't.he.sized from
stoichiometry of the MgCPs is the electrochemical titration PNMJCI (Aldrich) according to the Schlenk equilibrium

because of the atmospheric instability of the compodfds.
However, such titration should be done at elevated temper-
ature, because of the Mg trapping mentioned above. As was
shown1529-31 the electrochemical Mg insertion occurs in two

2RMgX — R,Mg + MgX,

1,4-dioxane was used to shift the equilibrium to the right.
XRD studies were performed with a Bruker AXS (Germany)

stages D8 ADVANCE diffractometer (reflectiorf—6 geometry, Cu K
ot B radiation, receiving slit 0.2 mm, scintillation counter), equipped
Mg®" + 2e + MogS; — MgMogS; 1) with a Gobel mirror (parallel beam). Diffraction data were collected
o B in the angular range of 20< 26 < 110-14C, step size 0.02
Mg™ + 2e + MgMogS; —~ Mg,M0osS; (2 step time 10 s/step.

The neutron diffraction experiments were performed at the
Both of the phases were indexed as rhombohedral (spacdnstitut Laue Langevin (I.L.L.) at Grenoble, France, on the D1A
group R3), with unit cell parametera = 9.445(6) A,c = instrument. A detailed description of this instrument is available
10.564(9) A for MgM@eSs anda = 9.749(6) A,c=10.374- via the Internet at http://www.ill.frD1A is a very high-resolution
(9) A for MgzM0eSs.* Thus, there is no agreement among Powder diffractometer operating with a take off angle of the
the researchers about the symmetry of the MgCPs and themonoch_romator of 122 In the configuration used, the resolution
location of the M@" ions. Therefore, the question of the ©f D1A is about 0.3 (FWHM) at 9C. The measurements were

carried out at a wavelength af= 1.911 A, selected by the (115)
exact crystal structure of the MgCPs needs careful study. reflection of a germanium monochromator. During the neutron

The best method for determining the crystal structure is yigaction measurements, a cylindrical vanadium sample holder
the XRD analysis of single crystals. However, the problem \yith an inner diameter of 7 mm was used. The neutron detection
is that the Mg-containing CPs are stable only under specialwas performed with a set oP&paced 3He counting tubes. The
conditions, like a vacuum or parent solution (see the complete diffraction pattern was obtained by scanning over the
Experimental Section). Under air, and even in a special cell whole 2 range.
with Mylor film as an X-ray window, a self-Mg extraction The data were analyzed with the Rietveld structure refinement
from the crystal structure takes place. The material is program, FULLPROF? Agreement factors used in this article are
stabilized only after formation of the compact passivating defined according to the guidelines of the Rietveld refinement that
MgO films on its surfacé® As a result, the XRD determina- can be found elsewhef&The neutron scattering lengths used were
tions based on the single crystals become problematic.bS = 0.2847x 1071 m, byg = 0.5375x 10°% m, andby, =

. - o 0.6715x 1014 m; values were taken from the literatiife.
Moreover, it is well-known that neutron diffraction is more
convenient than X-ray diffraction when the positions of the
light atoms should be determined.

Thus, the aim of this work was to refine the crystal Mg Insertion into Mo ¢S as a Two-Stage Procesd he
structure of the MgCPs, i.e., determine the exact positions process of electrochemical Mg insertion into g was
of the M@?" ions by a combination of experimental (Rietveld studied in detail in our previous work32%-31 This paper is
analysis based on neutron and X-ray diffractions) and devoted to the crystal structure of the intercalation com-
theoretical (calculation of the energy of states) methods. Onpounds. However, in order to illustrate the conclusions
the basis of the crystal structure solutions, we analyzed thereached in the previous works and concerning the phase
possible routes of the Mg ions’ transport in the MgCPs,  diagram of the Mg-MosSg system, panels a and b of Figure
in order to clarify the problems of ionic mobility in CPs, 2 present the results of the electrochemical experiment and
such as the relatively slow kinetics of the Mg insertion and XRD phase analysis for the electrodes at different stages of
Mg trapping in MgMoeSs for 0 < x < 1. In addition, such Mg insertion.

a study completes our knowledge about structural diversity |n general, phase transitions in the insertion electrodes are

Results and Discussion

for this important class of materials. associated with a constant potential on their chronopotential
curves, whereas the stoichiometry of the intercalation
Experimental Section compounds can be determined by the charge expended on
their formation or by the lengths of the potential plate#us.

The preparation of the host, &, as well as the electrochemical ] § . >
process for Mg insertion were described eaffée-3t MgMosSs For insertion electrodes, the pqtentlal of the elect.rochemlcal
for the Rietveld analysis was synthesized by reaction of the powder 'éaction depends on the potential energy of the site occupan-
element mixture in an evacuated sealed quartz ampule. As wasCies in the crystal structure of the active material. Thus, a
mentioned above, the exposure of MgCPs to air results in Mg clear correlation exists between the electrochemical curve
extraction, which stops only after formation of the compact MgO
surface films on the CP particles. Thus, in order to ensure the (32) Rodriguez Carjaval, Physica B1993 192, 55.
desirable stoichiometry after Mg extraction, the Mg concentration (33) McCusker, L. B.; Von Dreele, R. B.; Cox, D. E.; Louer, D.; Scardi,
in the initial mixture was 1.5 times higher than the stoichiometric P.J. Appl. Crystallogr.1999 32, 36.

. . (34) Sears, V. FNeutron News 992 3, 26.
one. The ampule was heated up to 11Q0or 72 h with additional (35) Lithium Batteries: Science and Technolpd¥azri, G. A.; Pistoia,
steps at 450 and 70TC, each for 24 h. G., Eds.; Kluwer Academic Publishers: Boston, 2004.
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21 @ proximation (GGA) as parametrized by Perdew éfalThe

T=60C core and valence electrons were treated by the projector-aug-

mented-wave metho#.%° The calculations have been per-

formed using ab initio total energy and the molecular dy-

S111 (3) namics program VASP (Vienna ab initio simulation program)

08| [Mor+2esMos, | | developed at the Institut fiMaterialphysik of the Universita
MI “‘9";3:;:,‘33“:“‘5=| / Wien41-44 Calculations are done with a plane-wave cutoff
of 364 eV and a 2« 2 x 2 Monkhorst-Pack k-point mesh,
02 : and the ions are relaxed until the total energy converged to

0 04 08 12 16 2 s
Xin Mg,Mo.S; within better than 1 meV per atom. No temperature or zero
MeMo,S, x=2 point effects are included in the ab initio calculations.

Electrostatics.As a qualitative assessment of the likely
stable sites, we examined the electrostatic energies of
different possible cation arrangements. We used unscreened
Coulomb interactions evaluated with the Ewald summation

e Il technique’®> We considered charges 6fl and+2 on the
_,LAMM intercalated cations, fixed the S anion to-b2, and allowed

MgMo,S, + Mg, Mo, S,

MgMoS,

MogS, i the Mo valence to adjust to give a charge-neutral cell. The
‘ atom positions were fixed and taken from those refined for
E “ = H 20
2-Theta - Scale , deg LI 4M06&'
Figure 2. (a) Chronopotential curve of Mg insertion into k& and (b) Electrostatic energies were calculated for all possible
the ex situ XRD patterns of the electrodes with a\MgsSs (x = 0, 0.5, arrangements of 1 and 2 cations on the sublattices of Li sites

1, 1.5, and 2) composition. The numbers of the XRD patterns correspond within a single primitive cell of the LiM0osSg structure. For
to the points on the chronopotential curve. . g P . 68 L

a single cation with charge-1 or +2, the inner ring sites
and the changes that occur in the crystal structure of the hostvere found to be more stable than the outer ring sites. This
with ion insertion. is consistent with the occupations seen in botiMdsSg?°
and Cy.gM0eSs,?° in which the cations occupy the inner ring.
The results are also consistent with the stability of Mg in
the inner ring in MgMosSs found experimentally in this

Figure 2a shows such a chronopotential curve for the-Mg
MosSs system. The experiment was performed at°60in

order to avoid the problems of Mg diffusion in this host, : X o ) .
such as the relatively slow kinetics of initial Mg insertion work. This suggests that simple electrostatic interactions with

and Mg trapping upon the charge of the é8R%-31 The lower the ho_st help drive the stability of the inner ring over the
and upper curves present the discharge and charge of th@uter ring, perhaps_ because of the short separation between
electrochemical cell, respectively. Two potential plateaus on MO @nd the outer ring.

the curves testify that the whole intercalation process includes ~Electrostatic calculations for two cations show different
two separate stages, and each of them involves two electronsf€sults for+1 and+2 cations. The most stable arrangement
Thus, Mg insertion into MgS results in the formation of ~ for +1 cations are on opposite sides of the inner ring,
new phases with MgMss and MgMoeSs stoichiometry. consistent with the low-temperature arrangement seen ex-
The process can be described by egs 1 and 2, and eaclperimentally for Cu cation® However, this is different from
reaction occurs at its characteristic electrochemical potential, the Li results of Ritter et al., which suggest that for tweH.i
equal to~1.4 and 1.1 V, respectively. As will be shown cations, both the inner and outer rings are occupfieebr

below, these potentials are related to the occupation of thefwo +2 cations, the most stable electrostatic arrangement
inner and outer sites in the N®; crystal structure. was found to be one cation on the inner sites and one as far

Figure 2b presents the ex situ XRD patterns of the away as possible on the outer sites. Thus, it is clear that the
electrodes obtained at different intercalation levels. The €lectrostatic repulsion between the cations is enough to
pattern numbers correspond to the points of the Chronopo_overwhelm the greater stability of the inner site and drive
tential curve in Figure 2a. Note that a full theoretical capacity One of the cations to the outer site. This result is fully
(four electrons) is realized in the electrochemical process. consistent with what is seen experimentally in this work for
As a result, the total Mg amount in the electrodem(Mg,- Mg2MoeSs.

MosSg) can be determined very carefully by their electro-
chemical charge. According to the XRD patterns, the (36) ggeégew, J. P.; Burke, K.; Emzerhof, ihys. Re. Lett. 1996 77,
electrodes are composed of single phasesfer0, 1, and  (37) perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1997, 7,
2 and a mixture of two phases far= 0.5 and 1.5. Thus, 1396.

the phase analysis confirms the mechanism of the electro-(38) Blochl, P. EPhys. Re. B 1994 50, 17953.

. - ) - (39) Kresse, G.; Hafner, J. Phys. C: Condens. Matter994 6, 8245.
chemical reactions presented in eqs 1 and 2 and is fully (40) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758.
consistent with the experimental results of this work pre- (41) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558.

P P (42) Kresse, G.; Hafner, Phys. Re. B 1994 49, 14251.
sented below. (43) Kresse, G.; Furthiiller, J. Comput. Mat. Sci1996 6, 15.
Energy of States. Calculational Methods.Ab initio (44) Kresse, G.; Furthmuller, Phys. Re. B 1996 54, 11169.

. . . . (45) Allen, M. P_; Tildesly, D. JComputer Simulation of Liquid©xford
calculations were done using density functional theory plane- Science Publishers: New York, 1989.

wave-based methods, within the generalized gradient ap-(46) Chevrel, R.; Sergent, M.; Prigent,Mater. Res. Bull1974 9, 1487.
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Table 1. Energies for Different Arrangements of the Mg Atoms in MgMoeSs.

initial position for one Mg atom energy (meV/FU) site coordinates (hexagonal setting) ref
Mgl site 0 (0.699, 0.440, 0.327) this work
inner site 2 (0.686, 0.450, 0.322) 20
center cavity 2 246 (0,0.5,0.5) 21,23
outer site 275 (0.178, 0.290, 0.865) 20
center cavity 1 284 (0,0,0) 1,2

Table 2. Energies for Different Arrangements of the Mg Atoms in MgMO0Ss.

initial position for two Mg atoms site occupation, MgMg2 energy (meV/FU) site coordinates (hexagonal setting)
outer sites outerouter 0 (0.686, 0.450, 0.322) (0.845, 0.623, 0.198)
Mgl—Mg2 sites innerouter 31 (0.732, 0.462, 0.332) (0.162, 0.306, 0.874)
perturbed ES+2 inner-outer 32 (0.686, 0.450, 0.322) (0.290, 0.112, 0.135)
ES+2 inner—outer 39 (0.686, 0.450, 0.322) (0.779, 0.155, 0.198)
ES+1 innerinner 100 (0.686, 0.450, 0.322) (0.981, 0.883, 0.011)
Cu sites innerinner 389 (0.822,0.428, 0.337) (0.178, 0.572, 0.663)
Table 3. Comparison between the Experimental Atomic Coordinates in the Crystal Structures of CikgV0sSs and MgMogSs.
compd atom Wyckoff X Y z occupancy ref
Cuy.8dM06Se Mo 0.0159 0.1690 0.3890 1 25
MgMoeSs 18f 0.0163(2) 0.1714(1) 0.3932(1) 1 this work
Cuh g0M06Ss S 0.3097 0.2769 0.4118 1 25
MgMo6Ss 18f 0.3173(4) 0.2809(4) 0.4118(3) 1 this work
Cuy gM06Ss S 0 0 0.2015 1 25
MgMosSs 6¢C 0 0 0.2115(6) 1 this work
CuygM06Ss Cu 18f 0.7266 0.4839 0.3291 0.26 25
MgMoeSs Mg 18f 0.699(6) 0.440(3) 0.327(3) 0.167 this work

The electrostatic results are qualitative, but suggest some It is clear that the ab initio results predict a significantly
useful rules for thinking about site occupancies in the Chevrel more stable inner site than outer site. This is consistent with
structure. Electrostatically, the site occupancy can be thoughtthe electrostatic results and the experimental findings in this
of as a balance between two tendencies, the electrostatic fieldyork. In addition, the shifting of the center of cavity 1 to
which stabilizes cations in the inner sites, and the intercalatedallow for additional relaxations is clearly important for the
cation—cation repulsive interactions, which drive the cations Mg case, consistent with what has been seen previously for
apart, keeping all of them from residing in the inner sites. the Li and Cu atoms, as well as for the experimental results
The strength of the catiercation interactions obviously — of this work.
increases from-1 to+2 cations and changes the electrostatic ~ For two Mg atoms per formula unit, there are many more
ground state for two cations from being within the inner sites, possible starting positions that one might explore. We
to occupying one inner and one outer site. The agreementCOﬂSidered six different initial configurations for the Mg
with experimental trends suggests that electrostatics playsPositions, guided by previous experiments and our calculated
an important role. However, to include more realistic physics, results described above. Unless explicitly stated, the positions
we now show results from full ab initio calculations. were taken from the fractional coordinates of Li fromy-Li

Mo0eSs.2° Two starting positions correspond to the electro-
static ground states forl (ES+1) and+2 (ES+2) cations
found above. A third initial configuration simply perturbed
the ES+2 structure to move the outer site Mg to the farthest
outer site possible within the other half of the outer site
a(iiumbbells (the outer sites come in pairs of “dumbbells”, and
we simply switched the outer Mg to the orbit of the other
member of the dumbbell pair and then took the site farthest
from the inner Mg) (perturbed BE2).

For a single Mg atom, we considered five possible  The next initial configuration took the Mg atoms to be at
arrangements within the primitive rhombohedral cell (Table the fractional positions of the two Cu atoms in low-
1). These corresponded to an inner site, outer site, thetemperature CisM0eSs (Cu sites in Table 238 Also, we
experimental Mg position found for MiyloeSs in this work  arranged the Mg in two outer sites, kept as far apart as
(Mgl site in Table 1), the center of cavity 1, and the center possible (within a single primitive cell), leaving the inner
of cavity 2. The latter two positions are fixed by symmetry sites empty (outer sites in Table 2). Finally, we used the
and may be found for relatively big cations such as*Ag experimental Mg position found for Mil0sSs in this work
and PB* (cavity 12 or Mn and Cr (cavity 2f! whereas ~ (Mgl—Mg2 sites in Table 2). These initial arrangements
the first two were determined by using the fractional include the most likely structures suggested by electrostatic
coordinates of Li from LiM0sSs.2° The experimental Mg  energies, single Mg ab initio energies, and experiments. Note
position is given in this paper in Table 3. The final energies that we do not even consider the cavity centers, because they
after full relaxation are given in Table 2, with the most stable seemed to be quite unstable. The starting fractional coordi-
arrangement set to zero. nates and, after full relaxation, the final energies, are given

Ab initio Calculations.When we relaxed cations in the
Chevrel structure, we found many local minima, giving
different energies for even very similar initial structures.
Therefore, we will carefully specify our method for deter-
mining starting positions. First, the M®; lattice was fully
relaxed, and these relaxed coordinates were used as the initi
host positions for all calculations. The specific initial Mg
positions were determined as described below.
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Figure 3. Rietveld refinement for MgMgBg: (a) XRD profiles and (b) neutron diffraction profiles.

in Table 2, with the most stable arrangement set to zero. In ments are significantly higher in energy, presumably due to
each case, we also note how many inner and outer sites ar¢he electrostatic interactions between the Mg. Surprisingly,
occupied. although both ES+1 and the Cu site arrangements involve
These results predict that the most stable arrangement fortwo inner sites being occupied, they give quite different
Mg is to occupy two outer sites. However, the calculations energies. This is an example of how similar site occupancies
are for zero temperature, and the thermal effects may drivecan find different local minima.
more Mg into the inner sites, as this will increase the  There is one previous ab initio study on NipsSs of
configurational entropy. The partial occupation of inner sites which we are awaré. We agree with these results in our
is additionally supported by the relatively close energy of prediction that the center site of cavity 1 is not stable for
the different inner-outer site arrangements, which suggests Mg. However, our results do not agree with their prediction
that excitations of inner site occupancy can occur with of nearly degenerate occupancy of the inner and outer rings
relatively little energy cost. The two innemner arrange-  for MgiMosSs and preferential occupancy of the inner ring
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Table 4. Comparison between Interatomic Distances (A) in the Crystal Structures of MgM0sSg (x = 1 and 2) and CuMoeSg (x = 1.8 and 3.6}

distance MgMeSs Mg2Mo6Ss Cu gM06Sg Cug M06Sg
Mo—Mo 2 x 2.683(2) 2x 2. 658(7) 2.669(5)* 2.683 2.659
2 x 2.735(2) 2x 2.667(8) 2.689(6)* 2.752 2.681
3.218(2) 3.411(6) 3.365(5)* 3.237 3.389
Mo—S1 2.431(4) 2.408(11) 2.434(9)* 2.407 2.443
2.445(4) 2.423(10) 2.435(9)* 2.443 2.479
2.499(4) 2.533(12) 2.476(10)* 2.478 2.502
2.503(4) 2.633(10) 2.580(8)* 2.494 2.551
Mo—S2 2.465(5) 2.495(13) 2.486(9)* 2.469 2.491
Mo—Mg1(Cul) 3.46(6) 3.44(5) 3.41(3)* 3.163 3.250
Mo—Mg2(Cu2) 2.84(4) 2.97(2)* - 3.074
Mg1(Cul)-S1 2.43(5) 2.26(3) 2.42(2)* 2.321 2.390
2.57(3) 2.71(5) 2.55(3)* 2.343 2.399
3.26(5) 3.24(5) 3.45(3)* 3.473 3.590
Mg1(Cul)-S2 2.34(3) 2.32(3) 2.42(2)* 2.382 2.421
2.47(3) 2.51(3) 2.44(2) 2.456 2.437
Mgl—Mg1 (Cul—Cul) 2x 0.91(8) 2x 1.14(7) 1.12(4)* 2x 1.261 2x 1.276
2 x 1.55(7) 2x 1.95(5) 1.94(3)* 2x 2.180 2x 2.210
1.80(4) 2.26(4) 2.24(3)* 2.518 2.552
Mgl—Mg2 (Cul—Cu2) 2.25(5) 2.02(3)* 1.426
2.65(6) 2.46(3)* 1.823
2.72(6) 2.72(3)* 2.424
2.78(5) 2.87(3)* 2.887
3.08(6) 3.39(3)* 3.285
3.37(6) 3.40(3)* 3.299
Mg2 (Cu2)-S1 2.25(4) 2.33(2)* 2.415
2.38(4) 2.38(2)* 2.319
2.66(4) 2.52(2)* 2.529
2.88(4) 3.01(2)* 3.349
3.73(4) 3.71(2)* 3.484
Mg2(Cu2)-S2 2.57(3) 2.55(2)* 2.274
3.14(3) 3.19(2)* 3.625
Mg2—Mg2 (Cu2-Cu2) 0.69(5) 0.93(3)* 2.067
2 x 3.84(7) 2x 3.85(3)* 2x 3.025
2 x 4.29(7) 2x 4.26(3)* 2x 3.570
S1-S1 2x 3.399(6) 2x 3.43 (1) 2x 3.45 (1)* 2x 3.353 2x 3.424
2 x 3.502(6) 2x 3.58(1) 2x 3.57(1)* 2x 3.513 2x 3.514
2 x 3.600(5) 2x 3.58(1) 2x 3.59(1)* 2x 3.569 2x 3.625
3.829(6) 3.81(1) 3.78(1)* 3.775 3.748
S1-S2 3x 3.390(5) 3x 3.50(1) 3x 3.49(1)* 3x 3.353 3x 3.424
3 x 3.543(5) 3x 3.53(1) 3x 3.56(1)* 3x 3.513 3x 3.514
3 x 3.603(4) 3x 3.80(1) 3x 3.77(1)* 3x 3.569 3x 3.625

aThe values marked by stars were obtained using soft distance constraints upon fitting.

for Mg.MosSs. Differences in pseudopotentials, exchange- previous work!®> and the atomic positions known for the CPs
correlation functions, and other numerical issues may accountwith small cations.

for some of this discrepancy. However, we think it also  panels a and b of Figure 3 present the X-ray and neutron
possible that the earlier calculations did not find the optimally Rietveld profiles, respectively. Here, model 1 was used in
relaxed positions for some configurations, since this systemthe refinement. According to the quantitative analysis, the
easily gets caught in suboptimal local minima during amount of MgM@Ss in the sample under study was greater
relaxation. As our calculations agree better with the experi- than 92%. The impurities (6% MN0¢Ss, 1% MgS, and
mental results reported in this work, we believe that we 0.7% MgO) found in this sample were related to the high
present a more accurate prediction. Mg concentration in the initial mixture (see the Experimental

Rietveld Refinement of the MgCP Crystal Structures ~ Section). The atomic thermal parameters (0.33d Mo,
Based on X-ray and Neutron Diffraction. MgMasSs. As 0.5 A for S, and 1 & for Mg) were chosen according to
is clear from the previous sections, there are two opposite the literature dat§?and remained constant. The refinement
models of the MgMgSs crystal structure, which differ by ~ of the peak shape and asymmetric parameters showed that
the positions of the M ions: only inner sites according their values for all the phases were similar or close to that
to our calculations (model 1), and both of the sites (inner Of the standards (highly crystalline cubic materials) measured
and outer) in the work of Kganyago et al. (model 2). Hence, under the same experimental conditions. Thus, the material
in order to determine the Mg ion location, both of the  under study is also highly crystalline.
models were used as the initial ones in the refinement Initially, the X-ray and neutron profiles were refined
procedure. However, it should be mentioned that Model 2 separately, but because of the very close results, at a last
was not completely identical to the crystal structure proposed stage of the refinement, they were combined (multipattern
by Kganyago et al. because the triclinic symmetry stated by refinement). Such a combination allows for the attainment
the authors has not been confirmed in previous experiments. of atomic positions suitable for both X-ray and neutron
Thus, both of the models were based on the rhombohedraldiffraction experiments for the same material. The R-factors
symmetry R3, the unit-cell parameters obtained in the of both the patterns in the multipattern refinement were very
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Figure 4. Rietveld refinement of the neutron diffraction profiles: (a) MpsSs and (b) a mixture of MgM0sSs and MgM@Ss.

close to the initial ones, whereas the global factor (Ghi2  cations because of the rigid structure of thegBocluster
1.58) was equal to their average value. and similar electrostatic interactions between the cluster
Table 3 compares the atomic positions (with standard framework and different cations.
deviations indicated in parentheses) in the crystal structure The atomic positions, obtained by the combined refine-
of MgMoeSs and Cuy gdMo0sS.?® The latter material was  ment, were used to calculate the interatomic distances and
chosen for the comparison because of close XRD patternstheir standard deviations for MgM8; (Table 4). As can be
and a similar electrostatic charge of the cluster, but such aseen from their comparison with the same distances in other
choice is not crucial: As is known from the literatdréthe CPs, the values, obtained by the refinement, are reasonable
Mo and S locations, as well as the position of the inner and enough to be used in the analysis of the?Mgn’s motion
outer sites, are relatively constant for CPs with different small upon intercalation (see below). The bond valence sum,
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Table 5. Results of Multipattern Refinement of the Mg Positions in MgMogSs for Different Models

initial parameters refined parameters R-factors
model Mg site Mg position occupancy Mg position occupancy Chi2 RB(1) Rf(1) RB(2) Rf(2)
0.724 0.723(3)
inner 0.483 0.167 0.465(2) 0.168(6)
I 0.332 0.335(2) 6.66 6.69
0.152 0.160(2) 0.67 411 3.6
outer 0.241 0.167 0.290(2) 0.166(6)
0.892 0.857(2)
0.152 0.156(2) 12.11 8.3
I outer 0.241 0.333 0.281(2) 1.02 7.14 4.78
0.892 0.858(1)
0.724 0.724(2) 12.57 9.78
I inner 0.483 0.333 0.480(2) 1.20 6.076 48
0.332 0.334(1)

calculated for the MY ion according to these distances (R and b, respectively, of Figure 4). The latter composition
= 2.18 for the Mg-S pair)#” is equal to 1.96, thus resulted from an unsuccessful attempt to prepare the unoxi-
confirming the crystal structure solution. dized material. Panels a and b of Figure 4 correspond to
In the case where the Mgions were located in both the  model 1. In the case of models 2 and 3, the R-factors were
inner and outer sites (model 2), all the R-factors were almost essentially higher (Table 5). Moreover, the distribution of
twice as high as that for the inner-site model. The refinement the Mg atoms, obtained by the refinement of their occupation
of the Mg?* ion coordinates resulted in their shift to the inner number, corresponds to model 1: one¥gn per formula
sites. The refinement of the occupation number for th&Mg  unit in the inner site and one Mgion in the outer site.
ions showed a negative value for the outer sites. Thus, We have to mention that in the case of MpeSs, the
according to the Rietveld analysis of the X-ray and neutron R-factors were relatively high, even for model 1, because
diffraction profiles, M@" ions in MgMa;Ss are located in some weak diffraction peaks were not identified. They may
the inner sites. be related to the phase under study or to some impurity. In
MgM0sSs. The atmospheric instability of Myl0eSs is any case, it is clear that these peaks cannot be caused by the
higher than that of MgMgBs. Moreover, the former material  triclinic distortion of MgMO0eSs, but some kind of super-
has the maximal Mg concentration; therefore, it cannot be structure cannot be excluded.
obtained as the major phase in the passivated product, as In order to confirm the crystal structure solution, we
was done for MgMeSs. In fact, a maximal quantitative ratio  verified the results of the neutron diffraction by X-ray
of these two phases, M#0Ss:MgMo0sSs, Obtained after the  diffraction. Figure 5 shows the Rietveld profile obtained for
air stabilization, was about 2:1. Thus, the samples with the the air-stabilized material with the general compositionyMg
Mg2MoeSg composition should be prepared and studied under MogSs. As was mentioned above, before stabilization, the
special conditions without any oxidizing agent. We were able Mg extraction from the crystal structure takes place. As a
to ensure such conditions for relatively long-time measure- result, the material is mainly a mixture of MgoeSs (65%)
ments only for the product of chemical intercalation and only and MgMaSs (35%). It is not clear where the Mg goes upon
in the case of the neutron diffraction experiment, performed its extraction from the CPs during the material oxidation,

in a hermetically sealed vanadium container. but the amount of this Mg does not exceed 2 wt % (Table
For Mg:MosSs, three different models, which differ by  6). Moreover, the Mg-containing phases formed upon oxida-
the positions of the Mg ions, may be proposed: tion might be amorphous or might dissolve upon the material

1) One ion occupies the inner site and another one, thetreatment in THF.
outer site (Model 1). Such an arrangement is based on the As can be seen, the R-factors of the X-ray profile
cation distribution in classic CPs with small cations. refinement were relatively low. However, the location of the
2) Both of the ions are related to the same outer ring Mg?" ions in the MgMosSs crystal structure could not be
(Model 2). Such an arrangement is probable according to established using only the XRD data, because there was no

our ab initio calculations. difference in the R-factors obtained for the different models.
3) Both of the ions are in the same inner ring (model 3). Nevertheless, the XRD analysis confirms that there is no
This model was proposed by Kganyago et’al triclinic distortion in the CP crystal structure upon Mg

All these models were verified by the refinement proce- insertion.
dure. As in the previous case, the common characteristic Table 7 compares the atomic positions in the crystal
features of the models were the rhombohedral symmetry, structure of MgMoeSg (the result of neutron diffraction) and
R3, the unit-cell parameters obtained in the previous wérk, CussdV0sSs.2° The former positions were used to calculate
and the atomic positions known for the CPs with small the interatomic distances (and their standard deviations,
cations! indicated in parentheses) for MdosSs (Table 4). As can

In order to obtain more precise results, we completed the be seen, the values, obtained by the refinement, are consis-
combined neutron refinement for two samples with different tent, but they may be improved by using soft distance
compositions: about 100 and 55% of MpesSs (panels a  constraints in the refinement procedure (values marked by
stars in Tables 4 and 7). The bond valence sums, calculated
(47) Brese, N. E.; O'Keefee, MActa Crystallogr., Sect. B991, B47, 192. for the Mg?* ions according to these distances, are equal to
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Figure 5. X-ray Rietveld profiles for MgMosSs.

Table 6. Examples of the Mg Balance in the Materials Under Study the energy of the cation sites, the crystal structure of-Mg

Mg;.sM0eSs Mg2MoeSg (chemical MosSs (x = 1 and 2) is similar to that of classic CPs, such
(HT-product) intercalation) as CuCPsg:2
phase Mg phase Mg However, the comparison made in Table 7 demonstrates
content content content content L . . .
composition (Wt %) (Wt %) (Wt %) (Wt %) not only the_sm_ularlty of the Mg and Cu containing sulfides
MgzMosSe 6 03 55 30 put aIsp the|r dn‘ferepces. As. can be seen from Tgble 4, the
MgMosSs 92.3 2.6 45 1.3 inner ring in MgCPs is essentially smaller than that in CuCPs
mgg (1)7 8-2 - - (compare the MgtMgl and Cut-Cul distances). For
g : . - - . . . .
% expected 100 492 100 55 mstan_ce, for MgCPs, the maximal dlstanpe b'etween the inner
> experimental 3.7 4.3 sites in the ring is equal to 1.8 A, which is close to the
Mg lack 0.5 12 distance between tiions in LiMosSs (1.9 A)2° whereas

1.91 and 2.02 for the Mgl and Mg2 positions, respectively, the same d|stance_ n C_UCPS 'S qual to 2'@.A5 was
shown in the classic reviewg, the radius of the inner ring

thus confirming the crystal structure solution. . sant ter for the CPs. which ch :
An analysis of the interatomic distances of Table 4 allows !S avery important parameter for the £s, which character-

for an estimation of the reliability of each model, as discussed izes the delocalization of the cations from the center of cavity
in this paper. In fact, according to the table, the distances, . .

Mgl(inner site}-Mo and Mg2(outer siteyMo are equal to Accordmg to K. Yvon! this parameter represents a mean
~3.4 and~3.0 A, respectively. Thus, the outer sites in the radius of a circular cation movement around the origin of
MgCPs are effectively closer to the Mo atoms. In the known cavity 1. For instance, it was suggested that the energy of
CPs with similar cation distribution, the catieo distance ~ the thermal vibrations of the Cuions in the CP crystal
varies from 2.96 to 4.2 A2 whereas the minimal value is  Structure is enough for their circuit motion even at room
related to NiCPs with possible metahetal bonding between ~ temperaturé.The aim of the previous works devoted to the
Ni and Mo atoms. It is clear that such bonding is improbable CPs was mainly to find the correlation between the cation
in the Mg case. The distance of 3.0 A is equal to the sum of delocalization and other structural parameters (like the-Mo
the metallic radii of Mg and Mo (1.6 and 1.4 A, respectively). Mo distances) or physical properties (like superconductiv-
It can be regarded as a minimal MMO distance in Crysta| |ty)l However, it is clear that the delocalization relates
structures and should be associated with relatively strongdirectly to the distance between the cations sites, and that
repu|sion between these cations. On the basis of theseth|$ parameter should be crucial for the cation mObIllty n
considerations, we can conclude that the inner sites are reallythe CPs.

more favorable for MgMgSs stoichiometry. Only the inser- As was showr,the delocalization value depends mainly
tion of the second cation per formula unit and the subsequenton the cation size: The larger the cation, the closer is its
repulsion between the Mg ions result in the additional  position to the center of cavity 1. Commonly, the delocal-
occupation of the outer site in M#l0sSs. Thus, in view of ization correlates well with the angteof the rhombohedral
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Table 7. Comparison between the Experimental Atomic Coordinates in the Crystal Structures of CisdV0sSs and MgaMoeSg?

compd atom Wyckoff X Y z occupancy ref
Cuz 61068 Mo 18f 0.0142 0.1637 0.3928 1 25
Mg2MoeSg Mo 18f 0.0136(6) 0.1641(5) 0.3955(4) 1 this work
Mo 18f 0.0162(5)* 0.1665(4)* 0.3953(4)* 1 this work
Cuz 61068 S1 18f 0.3068 0.2778 0.4087 1 25
Mg2MosSg S1 18f 0.3090(9) 0.2701(8) 0.4078(10) 1 this work
S1 18f 0.3052(8)* 0.2713(7)* 0.4048(8)* 1 this work
Cus 66063 S2 6¢ 0 0 0.2015 1 25
Mg2MosSg S2 6¢ 0 0 0.2061(15) 1 this work
S2 6¢ 0 0 0.2081(10)*
Cus 66065 Cul 18f 0.7238 0.4827 0.3324 0.23 25
Mg2MoeSs Mgl 18f 0.745(5) 0.466(3) 0.343(3) 0.167 this work
Mgl 18f 0.723(3)* 0.465(2)* 0.335(2)* 0.167 this work
Cus.6dM06Ss Cu2 18f 0.1516 0.2409 0.8920 0.333 25
Mg>MosSs Mg2 18f 0.165(4) 0.298(3) 0.841(4) 0.167 this work
Mg2 18f 0.160(2)* 0.290(2)* 0.857(2)* 0.167 this work

aThe values marked by stars were obtained using soft distance constraints upon fitting.

unit cell: The higher delocalization, the greater is thé of the first Mg?* ion from MgMo0sSs. As a result, there is
The latter depends also on the amount of inserted cations.no kinetic problem in this stage of the electrochemical
For instance, for LiMM0eSs, oo = 92.C° (x = 1) and 94.4 (x process. However, upon Mg deintercalation, when all cathode
= 3 or 4)?° whereas for CiM0eSg, oo = 94.9° (x = 1) and material transforms into MgMsSs, most of the Mg@" ions
95.6° (x = ~3 or~4).r As can be seen, our results for Mg  in MgMosSs move in a circular manner between the inner
Mo0gSs (a0 = 93.# for x = 1 and 95.2 for x = 2) are not sites and there are no additional Mgons, which can ensure
exactly in line with these simple rules. In fact, the size of the progressive diffusion. As a result, an essential amount
the Cu ion is effectively larger than that of the Mgone of the Mg ions is trapped into the M&s host at room
(1 and 0.7 A, respectively, for octahedral coordination), i.e., temperature. In order to overcome the activation energy
according to the classic model, the Mg delocalization should barriers existing between the inner and outer sites and to
be higher, but in practice, it is lower because of the higher complete Mg extraction from the sulfide, it is necessary to
Mg—Mo repulsion. This means that the cation delocalization increase the energy of the thermal vibrations in the material
from the center of cavity 1 is affected not only by the size by its heating. In fact, the trapping effect disappears in the
of cations but also by their character. case of the battery operation at 80.1°

The difference between the Cu- and Mg-containing CPs  As can be seen, the crystal structure solutions presented
is not restricted to only the different delocalization values. in this paper agree well with the electrochemical behavior
As was mentioned in the Introduction, the inner ring in of the MgMosSg insertion electrodes. In contrast, it seems
CuCPs is able to adopt two cations. In contrast, in the Mg that it is impossible to explain the problems of ionic mobility
case, the second cation occupies the outer ring because oin these materials on the basis of the models proposed in
the stronger repulsion between divalent Mgons, as the work of K. R. Kganyago et al. In fact, according to the
compared to monovalent Cuons. latter?” for x = 1, the probabilities of occupation for the

MgCPs Crystal Structure and lonic Mobility. In order inner and the outer sites are equal, whereas the inner sites
to understand the peculiarities of the Mgon mobility found are occupied fox = 2. In such a case, we should expect a
for the MgMoeS; cathodes?® namely the relatively slow Mg fast transport of the Mg ions in the sulfide host for & x
insertion kinetics and trapping for 8 x < 1 and the fast < 1 and possible trapping for4 x < 2, but such expectation
kinetics for 1< x < 2, it is necessary to analyze once again is in contradiction with the experimental results.
the interatomic distances in the materials under study. As Interestingly, in contrast to the sulfide case, the Mg
was mentioned above, one of the characteristic features ofinsertion into the selenide host, M8, leads to triclinic
these phases is a relatively small Mg delocalization from distortion of the rhombohedral crystal structure, as well as
the center of cavity 1. As a result, a minimal distance between
the inner sites (MgtMg1l) in the MgCPs is twice as short
as that between the inner and outer sites (Mith2), 0.9
and 2.0 A, respectively (Figure 6). In addition, the outer sites
are less favorable because of the Mo repulsion. As a result,
the probability of the Mg hopping between the inner sites in
MgMoeSs is essentially higher than that between the inner &
and outer sites. This leads to the circuit cation motion, instead (Q:
of the progressive diffusion in the bulk of the material, and IR
slows the insertion kinetics.

A fast kinetics is possible only with the insertion of the @ - inner site
second cation per formula unit because of the repulsion )
between the inserted cations. Thus, the latter parameter is g - cuticans
crucial for the cation mobility in CPs. The repulsion between
two Mg?" ions (per formula unit) exists also upon extraction Figure 6. Arrangement of the cation sites in the WgpeSs crystal structure.
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to the changes in the cation site geométrjs a result, the  of the Mgt ions. As was shown, the first stage of Mg
progressive Mg diffusion in the bulk becomes more favorable insertion is associated with the occupation of the inner sites,
than the circuit motion, and the trapping effect is not realized. whereas in MgMosSs, one Mg+ ion per formula unit is
The relation between the crystal structure of the MgCPs with located in the inner sites and another one in the outer sites.
different composition and the Mg intercalation process is Because of the statistic distribution of the cations between
discussed in more detail in the second part of this vidrk. these sites, M@106Ss (x = 1, 2) is crystallized in rhombo-
hedral symmetnR3: a = 6.494 A,y = 93.43 forx = 1
Conclusion anda, = 6.612 A,y = 95.17 for x = 2. The peculiarities
of the MgCP crystal structures explain the Mg trapping that

The Mg insertion into MeSs host happens in two stages occurs in the material upon the electrochemical process.
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